has been reported to exert local and systemic adverse reactions with contamination by ET and LT [3, 14] . The [11, 15] .
Haematopoiesis is the process by which immune and other blood cells are produced from a finite number of haematopoietic stem cells (HSCs) [16] . These stem cells reside in the bone marrow (BM) and are sources of life-long immune cell replacement. [17, 18] . Thus, haematopoietic responses by anthrax would recapitulate the immune effects [16] .
Insults to BM may affect all areas of the haematopoietic network, including effects on HSCs, their progenies and other microenvironmental cells and structures

In this regard, an understanding of the effects by anthrax proteins and/or toxins on haematopoiesis might provide insights on vaccine responses.
The BM is a complex organ with molecules that can bind to PA [5, 19, 20] . Because [8, 21] .
PA is required for interactions with EF and LF, the latter two molecules could interact specifically with haematopoietic cells that express anthrax receptor (ATR). At this time it is unclear if EF and LF could bind non-specifically to BM cells. Such information is important in light of a case study reporting on BM failure following anthrax vaccine administration
We sought to determine the effects of anthrax monomeric proteins and toxins on haematopoiesis. This central question has been addressed with healthy BM aspirates in an in vitro culture system in the presence or absence of purified anthrax proteins. The goal is to obtain insights into effects in the event of anthrax infection and expectations following vaccinations. The premise is that an understanding of anthrax toxins on the emerging immune system may lead to the prevention of organ damage by anthrax infection, and also aid in the development of interventional strategies for safe and effective vaccines.
Methods
Reagents, antibodies, cytokines and chemokine
The following were purchased from Sigma (St. Louis, MO, USA): Polymyxin B, Ficoll-Hypaque, phosphate buffered saline, pH 7.4 
(PBS), RNase A, Propodium Iodide, protein G Sepharose, ␣-minimum essential media (MEM), Iscoves, Dulbecco's minimum essential media (DMEM) with high glucose, Roswell Park Memorial Institute (RPMI) 1640, bovine serum albumin (BSA), mouse anti-␤-actin, non-immune murine Immunoglobulin gamma (IgG) and non-immune rabbit IgG. Foetal calf sera (FCS) and horse sera were purchased from HyClone Laboratories (Logan, UT, USA). The following were purchased from R&D Systems (Minneapolis, MN, USA): Recombinant human (rh) graulocyte-macrophage-colony stimulating factor (GM-CSF), rhEpo, stem cell factor (SCF), interleukin (IL)-3 and anti-IL-10 mAb, IL-10 and C-C motif ligand 3 (CCL3). Rabbit polyclonal anti-CCL3 was generously provided by the Immunology Department of
Conjugation of PA to FITC
BM clonogenic assay
Short-term BM clonogenic assays were performed with BMNCs as previously described [25] . Briefly, BMNCs (10 5 /ml) were assayed in the presence or absence of LF, EF, PA or combinations, each at 1, 2 and 8 ng/ml.
Control cultures contained vehicle. The assays were performed in methylcellulose matrices for colony forming unit-granulocytic/monocytic (CFU-GM) and CFU-granulocytic/erythrocytic/megakarocytic/monocytic (CFU-GEMM). Cultures for CFU-GM contained 3 U/ml recombinant human granulocytic/monocytic (rhGM)-CSF and CFU-GEMM assays contained 3 U rhGM-CSF, 3 U/ml rhIL-3, 10 ng/ml SCF and 2 U/ml rhEpo. CFU-GM colonies were counted at day 8 by a blind observer (PR). Colonies with Ͼ20 cells were included. CFU-GEMM colonies were counted at day 21. Random colonies of CFU-GEMM were placed on slides and then stained by Wright's to verify mixed cell lineages.
Modified long-term culture initiating cell (LTC-IC) cultures
LTC-IC cultures were performed as previously described [26] . Confluent stromal cells were cultured in 25 (Fig. 1A) .
Results
ATR expression on BM cells
PA-binding sites on haematopoietic cells
Computer analyses showed similarities among ATR1 and haematopoietic-relevant molecules (Fig. 2) (Fig. 1C, right panel) (Fig. 3A) . Compared to baseline colonies (media alone), LF caused no significant (P Ͼ 0.05) proliferation at 1 and 2 ng/ml, but significance (P Ͻ 0.05) at 8 ng/ml (Fig. 3A,  left diagonal bars) . In the case of EF, we observed a bell-shaped effect with significant increase at 2 ng/ml (Fig. 3A, (Fig. 4) , indicating that the outcome of Fig. 3A cannot be explained by endotoxin. [7] . The CFU-GM cultures were therefore repeated with combinations of anthrax proteins. There was significant (P Ͼ 0.05) increases in CFU-GM for LF ϩ EF (Fig. 3B, left diagonal bars) , but not for EF ϩ PA or LFϩPA (Fig. 3B , right diagonal and square bars). In the presence of EF ϩ LF ϩ PA, there were significant (P Ͻ 0.05) suppression (Fig. 3B, hatched bars) . In summary, this section shows varied effect of combined proteins. However, anthrax toxin caused suppression on CFU-GM. Fig. 3B . We observed suppression on LTC-IC for both 6-and 12- (Fig. 3C) . Similarly, when the assay was repeated in the presence of the endotoxin inhibitor, polymyxin B (12.5 g/ml) [32] , the results were similar to cultures with anthrax proteins alone, Ϯ0.02 (Fig. 3C) , further indicating that the effects by anthrax proteins on LTC-IC are not due to endotoxin. (Fig. 4) 
Effects of monomeric anthrax proteins and toxins on mature haematopoietic progenitors
Anthrax toxins are formed when LF and/or EF binds to PA with subsequent endocytosis of heptamers and the releases of LF and LT
Effects of anthrax toxin on immature haematopoietic progenitors
Western blots and flow cytometry studies indicate that primitive haematopoietic progenitors express ATR1 and can also bind PA (Fig. 1). We therefore studied the effects of proteins at 1, 2 and 8 ng/ml on primitive haematopoietic progenitors using LTC-IC assays. An LTC-IC cell is indicated if the cell can generate mixed progenitors along granulocytic, erythrocytic and megarkaryocytic lineages (CFU-GEMM). We selected 2 ng/ml of anthrax toxin (combinations of LF, EF and PA) for the LTC-IC assay, based on the outcome shown in
week cultures (Fig. 3C). Week 12 outcome has physiological significance because this time period recapitulates the responses expected of early haematopoietic progenitors that
Fig. 3 Effects of anthrax toxins on mature and primitive haematopoietic progenitors. Short-term clonogenic CFU-GM assays were performed in the presence or absence of separate (A) or combined (B) anthrax toxins at 1, 2 and 8 ng/ml. The results are presented as mean CFU-GM Ϯ S.D., n ϭ 7. LTC-IC assays at 6 and 12 weeks (C) to determine the effects of anthrax toxins on immature progenitors, were established in the presence or absence of individual or combined anthrax toxins, each at 1, 2 and 8 ng/ml. The end-points of LTC-IC assays were clonogenic assays at weeks 6 and 12 for CFU-GEMM. The results are shown as the mean Ϯ S.D. of total CFU-GEMM, n ϭ 7. Studies repeated in the presence
Effects of anthrax toxins on apoptosis of BM cells
Cytokine production in BM stroma
This section describes studies to determine whether anthrax toxins can affect the major cellular support of haematopoiesis, stroma [35] . To address this question, we focused on cytokine production because of their major roles in haematopoiesis [36] . We first determine whether BM stroma express ATR1. Immunoprecipitation/Western blots with membrane extracts from stroma of four different healthy donors showed single dense bands (Fig. 5A) . Because ATR1 is undetectable in cytoplasmic extracts of CD34 ϩ /CD38 ϩ cells (Fig. 1A) , this served as negative control (Fig. 5A, left lane) . Parallel Western blots were done for ␤-actin for the purpose of normalization (Fig. 5A, top (Fig. 5B) . In both cases, there were significant (P Ͻ 0.05) increases in IL-10 and CCL3 by anthrax toxins as compared to unstimulated stroma. We also observed a twofold increase for SDF-1␣ (CXCL12) production with LF ϩ EF ϩ PA, each at 2 ng/ml. This increase is intriguing because CXCL12 could cause the release of HSCs from their niche within BM [37] . IL-10 and MIP-1␣ levels were quantitated by ELISA and the values were placed at the top of the bar graphs of the array results (Fig. 5B) . 
Role of CCL3 and IL-10 on the suppression of LTC-IC cells
CCL3 and IL-10 can mediate haematopoietic suppression [38, 39] . Because there is no compelling evidence of cell death by anthrax proteins, we asked whether haematopoietic suppression could be partly explained by secondary production of IL-10 and CCL3 (Fig. 5B) . We performed LTC-IC assays in the presence or absence of LF ϩ EF ϩ PA, each at 2 ng/ml (toxin), in the presence or absence of anti-IL-10 and/or anti-CCL3, each ranging between 1 and 1000 ng/ml. Control cultures contained similar concentrations of non-immune species IgG. CFU-GEMM colonies, the end-points of the LTC-IC assays, were similar between 5 and 100 ng/ml of antibodies. We have determined specificity of the antibodies because non-immune IgG showed total CFU-GEMM similar to cultures with media alone. Although neither antibody was able to fully reverse the suppressive effects of toxins, the degree of reversal was significant (P Ͻ 0.05) as compared to cultures with toxins alone (Fig. 6) .
Positive controls were established with media (baseline), in the presence of 50 pg/ml each, IL-10 and CCL3. Because these are not the only haematopoietic suppressors, their combined effects, although significantly suppressive, did not totally blunt the formation of CFU-GEMM (Fig. 6, solid inserted bar) . The concentrations of IL-10 and CCL3 were selected based on the total levels induced by the anthrax proteins (Fig. 5B) . In addition, IL-10 and CCL3 with 5 ng/ml of the respective antibody blunted the ability of these two factors to exert haematopoietic suppression to revert to levels observed in cultures with media alone (open bar). These studies supported the neutralization effects of the antibodies. In summary, the results show CCL3 and IL-10 as partial mediators in anthrax-induced suppression on LTC-IC cells. 
Fig. 6 Role of anthrax toxin-induced IL-10 and CCL3 on LTC-IC cells. LTC-IC assays were established as for Fig. 3C, in the presence or absence of 2 ng/ml each of EF, LF and PA (Toxin). Parallel cultures contained toxin and 20 ng/ml of anti-IL-10 and/or anti-CCL3. Specificity was tested in parallel with similar amounts of non-immune murine IgG. Positive control cultures were done by adding 50 pg/ml each, IL-10 and CCL3, in baseline cultures (inset solid bar). The results are shown as mean Ϯ S.D. (n ϭ 7). Each experiment was performed with cells from a different BM donor.
Fig. 5 Effects of anthrax toxins on IL-10 and CCL3 production in BM
Cell cycle responses to anthrax toxins
We observed differences in BM functions depending on the combinations of anthrax toxins (Fig. 3) . Cytokine analyses also correlated with the suppressive effects of anthrax proteins on haematopoiesis (Fig. 6) (Fig. 3B) . This suggests that the complex could determine the outcome that might be direct or indirectly mediated through other non-progenitor cells. The interesting observation in Fig. 3B is the [9] . Although lethal toxins inhibit MAP kinase activity, this role on anthrax-mediated effects on haematopoiesis is unclear [40, 41] . Septic shock, caused by anthrax infections cannot be explained by cytokine production as causative agents [42] . This underscore the need for dissected studies, such as the case presented in this report to understand the effects of anthrax proteins and toxins on haematopoiesis and other biological functions.
The results of 6-week LTC-IC cultures represent the more mature progenitors (Fig. 6) . Anti-MIP-1␣ resulted in more pronounced reversal of CFU-GEMM in the 6-week cultures as compared to the 12-week assays (Fig. 6 ). This suggests that CCL3 is important for the mature progenitors rather than the immature progenitors. IL-10 effects were similar for both the 6-and 12-week cultures suggesting that this cytokine could be acting at all levels. The biology of IL-10 with respect to haematopoietic effects is complex. In some cases, IL-10 could be stimulatory to haematopoiesis because it suppresses the activity of IFN-␥, which could inhibit haematopoiesis at high levels [43] . The fact (Fig. 4) . This finding could be important and might contribute to haematopoietic failure during infection. The question is whether a particular subset of BM cells might be sensitive to prolonged anthrax exposures. In addition, there was no evidence of cell death in the LTC-IC cultures (Fig. 3C) 
